Abstract. The liner of a high speed combustion chamber is subjected to high thermo-mechanical loads. Active cooling of the high speed combustor liner by using hydro carbon fuel is seen as a viable option due to its weight efficiency. But choice of the channel configuration has to be optimum. Two channels shape viz., rectangular and trapezoidal are investigated and compared. The purpose of this paper is to bring out most suitable shape of the channel which can withstand the thermo-mechanical loads. During the investigation, various high temperature materials are studied for their suitability for this application. Apart from thermo-mechanical loads, the configurations are constrained to have minimum weight per unit area, which is important for aero-space applications. The study brings out the most efficient material cum configuration suitable for application to the high speed combustion chamber for the given heat flux. In the initial study, various configurations are verified based on minimum weight per unit area with the help of 1D MATLAB program and the results are further validated by performing 2D thermo-structural analysis using ANSYS. It was found that Nb-Cb752 can serve at lower mass flow rates when compared to Inconel X-750. GRCop-84 is not suitable for the given heat flux and coolant flow rates. In terms of weight per unit areas, Nb-Cb752 has high weight per unit area at lower coolant mass flow rates of up to 0.0065 kg/m 2 and subsequently reduces and remains constant with increase in the mass flow rate from 0.0065 to 0.009 Kg/m 2 . Inconel is found to have higher weight per unit area than Nb-Cb752 at a given mass flow rate. Between rectangular and Trapezoidal, latter is found to have slightly lower weight per unit area for all the materials considered.
Introduction
The combustion liners have to be cooled effectively to withstand the high thermal loads from the combustion gases for the entire duration of operation. The liner must also withstand the thermo-mechanical stress arising due to high temperature gradients and pressure prevailing inside the combustion chamber. The weight constraint rules out the use of tradition cooling options and active cooling is seen as a viable alternative. Active cooling has been an area of active research currently in many countries. In active cooling, the fuel is used as coolant. It is passed through a channel inside the liner to participate in the heat exchange. The main objective is to arrive at active cooling configuration that has minimum weight per unit area and can withstand the thermo-mechanical loads. Here the weight includes the weight of the panel and the coolant combined. Many proposals have been made, to arrive at a suitable configuration which can effectively cool the high heat fluxes encountered during the combustion.
Valdevit et al. [1] have shown that the geometry of the coolant channel, the thermo-physical properties of the coolant, material of the combustor and the conditions prevailing in the combustion chamber all influence the heat transfer rates. Parametric studies of rectangular channels were performed, for a range of geometric parameters, heat transfer coefficients. Thermal Barrier Coatings (TBCs) were also found to be beneficial to increase the feasibility of the actively cooled panel. Young et al. [3] optimized the cooling panel satisfying hydrodynamic, thermal and Mach number constraints.
The purpose of the present paper explores the effect of the shape of the channel on thermal and structural performance of an active cooling panel. Various materials were employed to come up with a suitable material cum configuration which is suitable for this application. For the investigation 1-D heat transfer MATLAB program was developed considering walls of the channel as fin with insulated tip. Two types of fins are considered for writing the program, viz., rectangular and trapezoidal. The approach for writing this program is similar to that of Valdevit et al [1] . With the help of this program thermo-structural performance is evaluated for combination of various shapes and materials to arrive at the optimal dimensions of the channel for minimum coolant flow rate and minimum weight per unit area. Once the optimal material and shape configurations are selected, 2D thermo-structural analysis is performed using ANSYS to validate the results.
Overview of 1D MATLAB program
The 1D MATLAB evaluates the temperatures based on the fin analogy with the boundary condition that one end of the fin is insulated. One side of the channel is exposed to high temperature gases, while other sides are assumed to be insulated. MATLAB program calculates the amount of the coolant mass flow required, to maintain structural integrity for the given coolant pressure inside the coolant channel, the pressure of the combustion gases and temperature gradients. The constraints being metal temperature should not exceed the material usage temperature, the temperature of the coolant should not exceed coking limit of the fuel and the Von-Mises stresses are to be within the yield limit of the given material. The thermal resistance network shown in the Fig. 1 is considered for obtaining the temperatures of the material due to heat flux from the combustion gases. The temperatures and stresses are evaluated at 18 critical points as shown in the Fig. 2 . Three different high temperature materials listed in Table 1 are investigated for their suitability. Their properties are taken from the literature. 
The convective and conductive thermal resistances are given below: = = Resistance of fin is based on the shape of the fin from [6] are given in Table 2 R TBC = Resistance due to the thermal barrier coating is not considered for the current investigation.
In order to incorporate the different shapes of the channel in to the program, following two changes were made to the original program. (I) Instead of mass flow rate per unit width, directly mass flow rate of the coolant is provided as an input. (II) The thermal resistances of rectangular and trapezoidal fin shapes are incorporated as given in Karthik et al. [2] . The length of the panel is taken as 0.7 m. The inputs required are the realistic adiabatic wall temperature (Taw), wall temperature on the combustion side (Tw), heat transfer coefficient on combustion side (hG), coolant mass flow rate (mf), inlet temperature of the coolant (Ti) as encountered in experimental test conditions. The hydrocarbon fuel JP-7 is used as a coolant throughout this investigation. Fig. 3 shows the flow chart for MATLAB program. Due to the incorporation of the rectangular and trapezoidal fins two different channel configurations are obtained as shown in Fig. 4 . Temperatures of the Channel. The heat transfer coefficient on the combustion side 'h G ' is calculated using Eckert's Reference Enthalpy method [7] . The conditions considered on the combustion chamber side are that of prevailing in the actual scenario. On the coolant side the inlet temperature is 300 K. The heat transfer coefficient inside the coolant channel is obtained from the Gnielinski correlation. . ) The thermal resistance network along with the heat transfer coefficients are used to find the temperatures at 18 critical points on the channel. The temperatures at the 18 points of a rectangular channel and fuel temperature were obtained as explained in the reference of Valdevit et al [1] . The temperatures of the trapezoidal channel were obtained in Karthik et al. [2] Thermo-mechanical Stresses. Mechanical stresses are due to the pressure of the coolant inside the channel and the pressure due to combustion gases. The pressure inside the channel is considered uniformly throughout at 3MPa without assuming pressure drop. This assumption was made as the pressure drop for the channel length considered here is very minimal. Thermal stresses are due to temperature gradient across the channel. Both thermal and mechanical stresses are also evaluated at 18 critical points on the channel. The thermo-mechanical stresses for the rectangular channel are similar to that of Valdevit et al. [1] , while the stresses in the trapezoidal channel were presented in Karthik et al. [2] . The suitable configuration is subject to constraints of metal temperature, coking limit temperature of fuel and Von-Mises stress criterion for the given mass flow rate. This results in a list of suitable configurations for both Rectangular and Trapezoidal channels for all the materials considered. Then the minimum weight per unit area is identified for a given mass flow rate. The weight corresponds to the combined weight of the channel and fuel. The consideration of the weight of fuel is made since, the fuel weight adds up to the significant weight penalty. Hence the analysis is carried out by considering both the weight of the fuel and the metal. The section below describes the method used for calculating weight per unit area in this paper. Considering a panel width 'B' and length 'Z' as shown in the Fig. 5 and the width of the each channel is b = w + t c Number of channels for the given width of the panel are N = B/b. The number will be rounded off to the nearest integer. Then metal volume of the panel is calculated. The weight of the panel (W Panel ) is volume times the density. The weight of the fuel (W fuel ) is the fuel required for the given duration of operation, say't' seconds. Then the total weight of the fuel required is mass flow rate times the duration. The two quantities W Panel and W fuel are summed up to obtain the total weight (W total ). The surface area is calculated by the product of B and Z. Weight per unit area is obtained by dividing the total weight by the surface area = W total / (B*Z). MATLAB Results. The graph in Fig. 6 shows the comparative analysis of the minimum weight per unit area of different material and channel shapes combinations.
•The acceptable configuration in case of Nb-Cb752 has started at a mass flow rate of 0.0045 Kg/s with a weight per unit area of 50 Kg/m 2 .
•The acceptable configuration for Inconel X-750 started at mass flow rate of 0.0065 Kg/Sec with weight per unit area of 46, which is higher when compared to Nb-Cb752 at 42.5. This implies that for Nb-Cb752 lower flow rates are sufficient to keep the temperature and stresses within the material temperature and yield stress limits.
•GRCop-84 could not withstand the given thermo-mechanical loads and hence does not appear in the graph.
•The weight per unit area for Inconel X-750 is higher than Nb-Cb752 initially and reduced as the flow rate increased.
•In terms of configurations, rectangular is slightly heavier when compared to trapezoidal configurations for both Nb-Cb752 and Inconel X-750.
•The trend observed is similar to the graph from Valdevit et al. [1] shown in Fig. 7 , which provides the comparison for minimum weight unit area for different materials for rectangular configuration for a given heat transfer coefficient and adiabatic wall temperature. The difference is that graph in Fig. 7 gives the minimum weight per unit area considering weight of the metal, but in Fig. 6 both weight of the metal and fuel are considered. While making a choice based on the weight per unit area, that coolant flowing can significantly add up to overall weight.
•The configuration is a yield based design. Von-Mises stress criterion is used for arriving at suitable configurations.
•From the above it can be inferred that the Nb-Cb752 with trapezoidal configuration at flow rate of 0.0075 Kg/s has the lowest weight per unit area of 39 Kg/m 2 and hence more suitable for the application.
Though above discussion does not bring out the geometric parameters of the channel but it helps to compare the configurations and the materials for minimum weight at different mass flow rates. 
Thermo-structural Analysis
In order to verify the results obtained above, 2D plane strain thermo-structural analysis is carried out in ANSYS. The analysis was carried out for both rectangular and trapezoidal configurations. The simulations are carried out for Nb-Cb752 material only as it was found to be suitable at lower mass flow rates within the given manufacture feasible geometric parameters. The channel material is NbCb-752
Boundary Conditions: -Mechanical Loads: Pressure on the channel wall -3 MPa -Heat Transfer coefficient on the coolant side (derived from the Gnielinski Correlation) -Temperature of the coolant (derived from the energy balance) and explained in Appendix -Heat Transfer coefficient on the combustion side of the all (derived from Eckert's Enthalpy condition) 697.5 W/m 2 K -Adiabatic wall temperature 3297 K -The bottom portion is assumed to be on a bed rollers permitting expansion in all the directions.
The panel level bending is restricted. -The bottom wall is constrained against the movement in Y -Direction -The left side wall is constrained against the movement in X-Direction -In order to allow for the thermal expansion, the right side wall is allowed to displace uniformly in the X-direction
Results & Discussion Fig. 8, 9 shows the thermo-structural results obtained for rectangular and trapezoidal sections. The results show that analytical and numerical models show good correlation at the top face of the channel where the temperatures are high.
For both rectangular and trapezoidal configurations the stresses are evaluated at 18 critical points and along the profile of the channel.
In numerical analysis, the stress exceeded the yield limit at the corner due to stress concentration. These stresses are ignored for the current analysis, since these can be overcome by increasing the corner radius and also the plasticity of the material redistributes the stresses.
From the above analysis, it can be seen that the MATLAB can be used as a first approximation of the suitability of a given channel configuration and followed by ANSYS simulation to confirm the result. Following is the list of some of the configurations and their geometric parameters for each of the material. For a typical combustor, the number of channels is calculated. Overall weight per unit area is calculated considering the total metal weight for these channels and fuel weight flowing in all these channels for given duration of time. The Von-Mises criterion is also shown for reference. 
Conclusions
From the above analysis, it can be seen that the ANSYS & MATLAB show good correlation.
•Nb-Cb752 material is found to withstand the heat loads with lower coolant flow rates of as low as 0.0045 Kg/s when compared to Inconel X-750 which starts at 0.0065 Kg/s. Thus the coolant flow rate requirement for Inconel X-750 is 1.4 times higher.
•GRCop -84 material is not suitable for the given thermo-mechanical loads and flow rates.
•In terms of weight, trapezoidal was found to be advantageous when compared to rectangular configuration. The weight of trapezoidal configuration was observed to be 5% lower than rectangular for any of the materials considered and at any given flow rate. This could be due to the thinner cross sections of the trapezoidal channels being effective in heat exchange and withstand the stresses.
•The number of channels influences the weight of the panel, which in turn depends on the dimensions of the channel. In two configurations highlighted in the table 2 b above, for Nb-Cb752 material and trapezoidal configuration, the number of channels and mass flow rate are same, but the weight per unit area showed a difference of 9%. From this it can be inferred that the choice of the coolant channel configuration has to be made considering the overall weight per unit area of both panels and fuel, thermal load and coolant availability.
